Th has a larger dynamic range between high-and low-dust regions.
1. Introduction
Motivation
Marine chemists have conceived of the surface ocean as a "large, uncalibrated dust collector that integrates the high-frequency temporal aspect of atmospheric dust input" [Measures and Brown, 1996] . Quantifying atmospheric dust input to the ocean is a key motivation in studying the biogeochemical cycles of bioactive or pollutive elements for which aerosol dust is a significant source, such as Fe, N, P, and Pb. Using trace metals that partially solubilize from dust, such as Th or Al, one can calibrate the surface ocean dust collector by assuming a steady state balance for the inventory of the dissolved metal between supply, by dust dissolution, and removal, by scavenging onto sinking particles. This approach was developed for the case of aluminum as "Measurement of Al for Dust Calculation in Oceanic Waters" or the MADCOW model [Measures and Brown, 1996; Measures and Vink, 2000] . Analogous approaches have been proposed for titanium [Dammshäuser et al., 2011] , gallium [Shiller and Bairamadgi, 2006] , and thorium [Hirose and Sugimura, 1987; Huh et al., 1994; Hsieh et al., 2011; Hayes et al., 2013b] . In all of these cases, there are limitations to the method. In particular, the assumption of steady state between aerosol dissolution and scavenging may not hold in some cases, such as areas of strong upwelling, areas influenced by subducting water masses, or regions near the continental margins.
The use of thorium, having both long-lived primordial ( 232 Th) and radiogenic ( 230 Th) isotopes, offers some advantages over the other lithogenic metals. For instance, its residence time with respect to scavenging can be directly measured from 234 U/ 230 Th radioactive disequilibria. However, uncertainties in the use of Th
Thorium xs and Flux Calculations
Thorium has isotopes that are added to the ocean by different mechanisms. The predominant isotope, 232 Th (half-life 14.1 Gyr), is a primordial component of the continental crust and is added to the ocean with the input of crustal material, such as mineral dust deposition or river outflows. In contrast, the dominant source to the ocean of one of its minor isotopes, 230 Th (half-life 75.6 kyr), is the decay of uranium dissolved in seawater. The activity of 230 Th is much lower than the activity of its soluble parent 234 U because Th is particle reactive, and it adsorbs onto, or is scavenged by, sinking particles. One can quantify the rate of this scavenging process by measuring 234 U/ 230 Th disequilibria in seawater.
Some 230 Th is also added to the ocean from crustal material as well, and this must be corrected for when quantifying scavenging rates or a residence time with respect to scavenging. The fraction of seawater 230 Th produced by dissolved uranium decay ( 230 Th xs) can be estimated by subtracting from measured 230 Th the quotient of measured seawater 232 Th (assuming all 232 Th comes from lithogenic material) and the lithogenic 232 Th/ 230 Th ratio (equation (1)). In crustal material, 230 Th is typically close to secular equilibrium with crustal 238 U. Assuming an average 232 Th/ 238 U ratio for the upper continental crust of 3.99 mol/mol [Rudnick and Gao, 2014] and secular equilibrium between 238 U and 230 Th, the average upper continental crust has a 232 Th/ 230 Th atom ratio of 236,000. This isotope ratio for continental material is similar to that measured in sediment traps in the Mediterranean Sea (250,000 ± 6000 [Roy-Barman et al., 2009] ) and in suspended particulate material from the Amazon River (230,000-250,000 [Marques et al., 2003; Dosseto et al., 2006] ). This correction can be applied to dissolved samples and unfiltered (total) samples. In this study, we use 250,000 ± 6000 for ( 232 
The concentration of 230 Th xs tends to increase with depth in the intermediate and deep ocean due to a degree of reversibility in the scavenging process; i.e., cycles of adsorption and desorption can occur as particles sink through the water column [Bacon and Anderson, 1982] . Dissolved 230 Th xs is generally a good tracer for basin-scale gradients in scavenging intensity [Hayes et al., 2013a] . However, 230 Th xs is also influenced by ventilating water masses or stark changes to scavenging rates as found in hydrothermal plumes or areas of sediment resuspension . Therefore, care must be taken when deciding exactly how to use 234 U/ 230 Th to define Th scavenging rates.
We consider Th scavenging rates, and dissolved 232 Th fluxes, in an integrated sense. For calculating mineral dust fluxes, the MADCOW Al method [Measures and Brown, 1996] integrates over the mixed layer, as did the first application of the dissolved 232 Th method [Hsieh et al., 2011] . In contrast, a deeper depth of integration (500 m) was suggested to take into account the possible dissolution of dust below the mixed layer and/or upper water column scavenging effects [Hayes et al., 2013b] . Another 232 Th study [Deng et al., 2014] took an intermediate approach and integrated to 250 m. In this study, we also end up taking an intermediate approach and suggest that the depth of the deep chlorophyll maximum (50-200 m) may be most appropriate for deriving aerosol deposition, based on the new data presented here.
For any particular integration depth, a residence time (τ Th ) for dissolved Th (dTh) is calculated using the ratio of the inventory of dissolved 230 Th xs to the integrated production of 230 Th by 234 U decay (P 230 ; equation (2)). Global Biogeochemical Cycles [Andersen et al., 2010] , and this ratio is consistent with prior studies across the world ocean [Chen et al., 1986; Delanghe et al., 2002; Robinson et al., 2004] . Nonetheless, riverine uranium with a distinct isotope ratio was found to impact the δ 234 U in the Arctic
Ocean [Andersen et al., 2007] , and surface seawater around Barbados is often influenced by water from the Amazon outflow [Moore et al., 1986] . Furthermore, δ 234 U content of the Amazon River end-member water is still not well characterized, one study finding δ 234 U = 100 ± 10‰ in an Amazon River sample [Moore, Figure 1 . Map of stations sampled on the 2014 Chief Scientist Training Workshop cruise between Barbados and Bermuda (AE1410). Aerosols were collected during transits between numbered stations. The colormap is sea surface salinity (in practical salinity units) from Aquarius (version 4, level 3 data, 1°resolution), using the monthly averages of May-June 2014, encompassing the 9 day cruise (31 May to 8 June 2014). The major surface currents are drawn schematically [Duncan et al., 1982] . The subtropical frontal zone represents the broad transition between easterly trade winds in the tropics and westerly winds in the midlatitudes [Halliwell et al., 1994] .
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1967] and another one finding δ 234 U = 205 ± 4‰ in the Amazon estuarine zone [Swarzenski et al., 2004] . Thus, to be confident in assumed 234 U values used to interpret the Th data, we measured 238 U concentration and δ 234 U across our transect.
Outline of the Paper
After describing sampling and analytical procedures (section 2), we introduce the new hydrographic (section 3.1) and chemical measurements made across a transect between Barbados and Bermuda (Figure 1 ), including surface seawater, aerosols, and depth profiles. The Th data (sections 3.2 and 3.3) exhibited significant spatial gradients across the transect. In the U data, we found no evidence for nonconservative behavior of concentrations or isotope composition in the studied region (section 3.4).
In discussion of the Th data, we first illustrate how sources other than aerosol dust can bias dust estimates using data from stations impacted by the Amazon outflow (section 4.1). Second, we describe the implications of our finding that only a small percentage of dissolved Th exists in the colloidal size range, even under conditions of high dust deposition (section 4.2). We then present a hypothesis for the depth trends in dissolved 232 Th fluxes in the upper water column (section 4.3) and make an estimate of aerosol Th solubility using aerosol deposition data from Bermuda (section 4.4). Finally, we compare Fe and Th distributions between the North Atlantic and the North Pacific to support the classic idea that Fe is buffered in the ocean by ligands, whereas Th retains a higher dynamic range related to variations in its supply (section 4.5).
Material and Methods
Sample Collection
The Atlantic samples used in this study were collected on a University-National Oceanographic Laboratory System (UNOLS) Chief Scientist Training Workshop cruise (http://csw2014_1.unols.org/) on 31 May to 8 June 2014 that ran between Barbados and Bermuda aboard the R/V Atlantic Explorer (cruise number AE1410). Eight stations were occupied ( Figure 1 ) for water sampling, and aerosol samples were collected during transits between stations. Water samples were collected with the ship's Niskin bottle rosette, using GEOTRACES protocols for radionuclides [Anderson et al., 2012] . We collected 5 L of unfiltered seawater for analysis of total (dissolved + particulate) Th isotopes and 5 L of seawater filtered at 0.45 μm (Acropak cartridge) for analysis of dissolved Th isotopes. Niskin bottle sampling was done using acid-cleaned cubitainers and Teflon-coated Tygon tubing. Water samples were acidified aboard ship to pH 1.8 using ultraclean 6 M hydrochloric acid (distilled in-house using a Savillex still). Dissolved U concentrations and isotopes were analyzed on 3-5 mL subsamples of the filtered water used for Th analysis.
At station 6, prior to sample acidification, and within a few hours of sample collection, we performed 10 kDa membrane cross-flow filtration (CFF) of the 0.45 μm filtered water to determine the colloidal fraction of the dissolved 232 Th. We define colloidal Th in this manuscript as the difference between dissolved (<0.45 μm)
and soluble (<10 kDa). The molecular weight cutoff (10 kDa) of the cross-flow filtration methods is defined based on protein filtration, and this molecular weight is equivalent to a particle diameter of about 3 nm [Erickson, 2009] . The same protocols were followed as those reported by Hayes et al. [2015c] , except that volume sizes were limited to processing 2.5 L of prefiltered seawater for CFF, using 500 mL to precondition the system and collecting 0.8-1.0 L for permeate and retentate fractions. Recovery of Th was 95-100%, based on comparison of Th concentration in the 0.45 μm filtered sample to the sum of Th concentrations in permeate and retentate fractions.
Aerosol samples were collected with a Tisch Environmental (TE-6070) particulate matter 10 μm (PM10) air sampler using new 20 × 25 cm Whatman41 regenerated cellulose filters. Aerosol filters were not acidwashed because it was found that acid-washing did not decrease filter blank levels for several lithogenic trace elements (e.g., Al and Ti) compared to unwashed filters [Morton et al., 2013] . To avoid contamination from the ship's exhaust, the air sampler pump was only powered when the wind was greater than 1 m/s and within 90°of the bow. This was done using a power switch in conjunction with an anemometer mounted above the sampler. The time pumped and average flow rate, used for sample volume, was recorded using a pen chart recorder in addition to a digital data logger. Flow rates ranged from 1.2 to 1.5 m 3 /min, and sample volumes ranged from 307 to 1584 m 3 . Loading of aerosol material on the filters was visually uniform.
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We also report here a previously unpublished depth profile of dissolved (filtered at 0.4 μm, with select samples also filtered at 0.2 μm) and soluble (filtered at 0.02 μm by filtration over Anapore membrane filters) Fe, Mn, and Cr from the North Pacific. These samples were collected in July 2002 on the R/V Kaimikai-OKanaloa from station MP5-S11 or Rusty-1 (26°N, 175°W). Magnesium hydroxide coprecipitation was used for preconcentration, and determination of Fe, Mn, and Cr was done by Micromass IsoProbe multicollector inductively coupled plasma-mass spectrometry, as reported by Boyle et al. [2005] .
U/Th Analytical Procedures
Seawater Th isotopes were analyzed by isotope dilution mass spectrometry using a Nu Plasma II-ES with an Aridus II sample introduction system at Massachusetts Institute of Technology. Sample preparation involved Fe (oxy)hydroxide coprecipitation, acid digestion of the Fe precipitate (including boiling HCl, HNO 3 , HF, and H 2 O 2 ), and chromatographic purification (AG1-X8 resin) described by Hayes et al. [2015c] . The same procedure was followed for both filtered and unfiltered samples. Since this procedure had a relatively aggressive acid digestion, we take the results of the unfiltered samples to represent "total Th," meaning dissolved plus particulate. The difference in concentrations between filtered and unfiltered samples is therefore an estimate of the particulate Th present in the sample.
U analysis was also performed using isotope dilution, using 236 U, on the Nu Plasma II-ES, with a glass spray chamber sample introduction system. A new method was developed for U concentration and 234 U/ 238 U ratios using Mg(OH) 2 coprecipitation and purification by anion-exchange resin (AG1-X8) prior to mass spectrometry, similar to the method reported by Reuer et al. [2003] for Pb isotopes.
For Th isotope analysis of the aerosol samples, subsections of the filter were cut with ceramic scissors and the area fraction of the 20 × 25 cm sample was used to calculate sample size. Filter and aerosols were dissolved using a combination of nitric acid and hydrofluoric acid in sealed perfluoroalkoxy vessels heated to 150°C, similar to the "Morton, Landing" method described by Morton et al. [2013] .
Further methodological details and all data reported here are available in the supporting information. The Th isotope data are included in the GEOTRACES Intermediate Data Product 2017, as GEOTRACES-compliant data (www.geotraces.org).
Results
Hydrography
A significant feature of the beginning of this cruise track was lower-salinity waters derived from the Amazon and Orinoco River outflows ( Figure 1 ). The influence of river runoff in this area is seasonal with the strongest outflows occurring between May and November [Steven and Brooks, 1972; Hellweger and Gordon, 2002] . Moore et al. [1986] estimated that 20-34% of the surface water east of the Lesser Antilles in June is derived from the Amazon estuary, carried predominantly by the Guyana Current. In our sample set, the lowest measured salinity was 33.9, about 3 salinity units less than the adjacent oceanic waters (salinity 36.7; Figure 2 ). Assuming a simple mixing model between Amazon River water (salinity = 0) and subtropical Atlantic surface water (salinity = 36.7), this implies a small but significant contribution of Amazon River water (5-10%) to surface seawater from stations 1 and 2.
Surface waters at stations 1 and 2 were also enriched in the nutrients silicate and nitrate (see supporting information), supporting the input of Amazon River water at the 1-10% level [Froelich et al., 1978; Edmond et al., 1981] . Surface silicate was 3-4 μmol/kg at stations 1-2, compared to 0.7 μmol/kg in surface waters at station 3, and surface nitrate at station 2 was 1.8 μmol/kg compared to 0.2 μmol/kg at station 3. Nutrient end-members [Edmond et al., 1981] for the Amazon River are about 120 μmol/kg silicate, 10 μmol/kg nitrate, and 0.5 μmol/kg phosphate. No enrichment of phosphate was evident in the present study. Our transect exited the Amazon-influenced waters at about 15°N (Figures 1 and 2 ). The expedition crossed the subtropical frontal zone [Halliwell et al., 1994] , between the broad North Equatorial Current and the southern boundary of the subtropical gyre, after leaving station 3 ( Figure 1 ).
Water was sampled in surface water (10 m depth) for stations 1, 3, 5, and 7 and in the upper 500 m of the water column at stations 2, 6, and 8. The vertical structure of water masses at stations 6 and 8 were similar
Global Biogeochemical Cycles Figure 2 ). The thickness of the 18°C water contracted southward to the extent that only a thin (~10 m) layer of this water was observed at station 3 (16.5°N). At stations 1-3, a clear subsurface salinity maximum was visible, indicative of subtropical underwater (salinity 37,~20°C), which has been subducted and advected from the edge of the subtropical gyre [Blanke et al., 2002] . Below the subtropical underwater at stations 1-3, we found thermocline waters, consistent with ventilation from North Atlantic Central Water [Poole and Tomczak, 1999] .
Surface Transects
We traversed the Saharan dust plume which was present over the Lesser Antilles in late spring 2014 and ended with a sharp front around 20°N (Figures 3a and S1 in the supporting information). This is typical of summer, according to climatological (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) distributions of the aerosol optical depth of dust [Ben-Ami et al., 2012] . The dust plume generally occupies the corridor between the Intertropical Convergence Zone (ITCZ) in the south and the midlatitude westerly winds in the north, although this corridor moves seasonally and subseasonally [Adams et al., 2012] . Terra Moderate Resolution Imaging Spectroradiometer aerosol optical depth data from the week of the cruise on 31 May to 6 June 2014 ( Figure S1 ) confirm that our cruise track crossed the northern end of the Saharan dust plume and that its southern end was bounded by the ITCZ at around 5°N ( Figure S1 ), using the minimum in outgoing longwave radiation, averaged over May-June 2014, as a proxy for precipitation and the ITCZ position [Xie and Arkin, 1998 ]. The northern edge of the dust plume was obvious in the aerosol 232 Th data (Figure 3a ), which showed a maximum of 3.8 pmol/m 3 of air in the sample collected between 15.6 and 22.2°N and dropped to <0.06 pmol/m 3 further north. Aerosol filters were visibly red-brown, characteristic of Saharan dust, at stations south of 22.2°N. Filters did not display significant coloration north of this latitude.
Dissolved 232 Th in surface waters (10 m depth) shows a less dramatic latitudinal variability than aerosol loading. Dissolved 232 Th concentration was about a factor of 2 higher in the southern section than in the northern section of the transect, and its peak was at station 2 (Figure 3a ), in waters affected by the Amazon outflow ( Figure 1 ). The concurrence of lowered salinity and increased seawater Th is suggestive that the Amazon outflow could be a substantial source of Th to the adjacent ocean. This has already been suggested based on an Amazon River-influenced seawater 232 Th profile in the eastern Caribbean [Huh and Bacon, 1985] , and the known high dissolved Th concentration in Amazon River water (30-460 pmol/kg [Moore, 1967; Dosseto et al., 2006] ), but it is important to confirm here using modern techniques. Total 232 Th (Figure 3a) , which includes particulate Th, likely represents some of the higher-frequency seasonal input of dust with very high Figure 3b , we plot both measured dissolved and dissolved xs concentrations. In the southern part of the transect, the lithogenic corrections are noticeably larger and they constitute a substantial fraction of the measured 230 Th (up to 60% at station 2). We have one independent metric for scavenging intensity for comparison with 230 Th xs. The beam attenuation coefficient, measured by transmissometer, is linearly related to particle concentration [Gardner et al., 1985; Bishop, 1986] . As one indication of the accuracy of the lithogenic correction, the least squares coefficient of determination (R 2 ) between dissolved 230 Th and beam attenuation coefficient increases from 0.41 (two-tailed p value = 0.27), using measured data, to 0.91 (p = 0.007), using dissolved 230 Th xs. The range in mixed layer 230 Th xs concentrations translates to a range in scavenging intensities and by extension a range in Th residence times, as discussed more fully in section 3.3.
For results and discussion of the 232 Th/ 230 Th ratios measured in the surface transect on seawater and aerosol samples, see the supporting information and Figure S2 .
Depth Profiles
In depth profiles to 500 m from stations 2, 6, and 8 (BATS), several of the trends seen in latitudinal variation can be seen in more detail (Figure 4 ). We focus here on dissolved 232 Th (Figure 4a) , as total 232 Th shows similar distributions to the dissolved data. Particulate 232 Th was 19 ± 10% of the total, based on average and standard deviation of the profile data. Additionally, based on our cross-flow filtrations, colloidal 232 Th at station 6 contributed 1.5 ± 2.0%, 6.4 ± 2.1%, and 5.4 ± 1.9% (1 sigma uncertainties) to dissolved 232 Th at 10 m, 140 m (deep chlorophyll maximum (DCM)), and 500 m depth, respectively. We return to the implications of this result in section 4.4.
We show dissolved 230 Th xs here (Figure 4c ), as this parameter isolates the spatial variability in scavenging intensity. Total 230 Th measurements indicated that 20 ± 14% of the total 230 Th was particulate, based on The fresher water in the upper 35 m of the water column at station 2, affected by the Amazon outflow, was clearly seen with elevated 232 Th ( Figure 4a ). As in previous work [Hayes et al., 2015c] , there is a local minimum in dissolved 232 Th concentration at the depth of the deep chlorophyll maximum (DCM), as indicated by fluorescence. The depth of the DCM, together with the local minimum in 232 Th, ranges across this transect from the shallowest at 35-50 m at station 2 to its deepest (150 m) at the most oligotrophic station 6, to shallower again (100 m) at station 8. The biological production and packaging of particles in the euphotic zone likely play a strong role in scavenging 232 Th. [Hayes et al., 2015c] . In other words, the 230 Th appears to be "mixed," i.e., homogeneous in concentration, above the DCM (35, 150, and 100 m, respectively, for stations 2, 6, and 8), rather than only in the physical mixed layer. The physical mixed layers (22, 15, and 15 m, respectively, for stations 2, 6, and 8), based on a potential density change greater than 0.125 kg/m 3 , are significantly shallower than that of the DCM. As a consequence of this phenomenon, the dissolved Th residence times derived from this data (Figure 4e ) will be the same using any integration depth between the surface and the DCM. However, the inventory of dissolved 232 Th increases significantly between the base of the mixed layer and the DCM. Thus, the derived dissolved 232 Th flux (equation (3)) increases with integration depth (Figure 4f ), most significantly between the surface and the depth of the DCM. We will return to the implications of these observations on the use of dissolved 232 Th fluxes in section 4.3.
Uranium Isotope Distribution
Our 238 U estimates agreed within 2 sigma uncertainty with those predicted by the global 238 U-salinity relationship derived by Owens et al.
[2011] for all but two of the dissolved samples (Figure 5d ). Furthermore, the linear regression between 238 U and practical salinity (S) using this sample set alone ( The measured average and standard deviation of dissolved δ 234 U in the whole sample set was 147.3 ± 1.8‰, consistent within uncertainty with the global average (146.8 ± 0.1‰) [Andersen et al., 2010] (Figure 5c ). Our samples were likely too far removed from the Amazon River end-member (lowest salinity sampled 33.9) to have been influenced by a U source distinct from seawater, even with the cited uncertainty in the Amazon end-member isotopic composition. To illustrate this, we produced a set of U mixing curves to predict variations in δ 234 U for a mixture between subtropical surface ocean water and Amazon River water (Figure 5a ). The δ 234 U of a predicted sample mixture (δ 234 U samp ) was determined using the following equations:
Here δ 234 U Riv is the Amazon River isotopic end-member (using either 100‰ [Moore, 1967] or 205‰ [Swarzenski et al., 2004] ) and δ 234 U SW is the isotopic end-member of seawater (146.8‰ [Andersen et al., 2010] ). The fraction of seawater in a sample mixture (f SW ) is defined using the ratio of the sample salinity to a seawater end-member salinity. In this case, we used 37 as a salinity end-member for subtropical waters. The fraction of river water in the mixture is then (1 À f SW ). These fractions are used together with the U concentrations in the river and seawater end-members to determine the amount of U from each source in a given sample (equation (7)). U Riv was set to 0.18 nmol/kg for the Moore [1967] 
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Both mixing curves converge at the 146.8‰ global δ 234 U value ( Figure 5a ) by a practical salinity of 10. This indicates that the Amazonian U signal is quickly mixed away in the estuarine zone, also observed by Swarzenski et al. [2004] . Deviations from seawater U isotopic composition are likely only to be found in the Amazon estuary at practical salinities less than 5. Nonetheless, given the large difference in measured Amazon end-member isotopic values, future investigators that use Th flux methods in the Amazon estuary should take care to define the δ 234 U of the waters they study.
Discussion
The Amazon Plume
The outflow of the Amazon River has a substantial impact on many chemical properties of the adjacent tropical Atlantic and Caribbean, such as salinity and silicate, nitrate, and phosphate concentrations [Froelich et al., 1978; Edmond et al., 1981; DeMaster and Pope, 1996] . It was also recognized that the majority of river-borne Fe is removed from solution in estuarine mixing [Boyle et al., 1977] . Similarly, limited supply of dissolved Th from rivers through removal at estuaries has been inferred from order of magnitude decreases in 232 
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In the present transect, the three samples from stations 1 and 2 with low-salinity anomalies and enriched silicate near Barbados (at 10 or 25 m depth) had elevated dissolved 232 Th concentrations of 0.71, 0.96, and 1.00 pmol/kg. These concentrations are similar to those found in the water column near the Mauritanian margin in the eastern Atlantic Anderson et al., 2016] , which receives a much larger atmospheric dust input annually, according to current model estimates [e.g., Ridley et al., 2012] . Using observational estimates, annual dust deposition near Cape Verde is likely between 5 and 10 g/m 2 /yr, based on a compilation of many data-based approaches [Anderson et al., 2016] . In contrast, annual dust deposition in Barbados is likely 2-4 g/m 2 /yr, based on a 3 year average (1994) (1995) (1996) dust deposition in Florida of 1.5-2 g/m 2 /yr and a 20 year average ratio Ra/ 226 Ra is known to be elevated in Amazon outflow water [Moore et al., 1986] , and this could potentially be used as a correction factor, or at least a way to map out where dissolved Th fluxes will be biased by coastal sources of Th.
The estimated dFe based on salinity for the three samples influenced by the Amazon for which we have dissolved Th data is 1.17, 1.24, and 1.26 nmol/kg, using the Rijkenberg et al. [2014] correlation. This translates to dissolved Fe/Th mole ratios of 1658, 1293, and 1257, respectively. The Fe/Th mole ratio of the upper continental crust is 15,500 ± 2200 [Rudnick and Gao, 2014] . The Fe/Th ratio of Amazon River water is not well characterized, so we assume a near-crustal composition for a thought experiment. Based on available measurements specific to Saharan dust (Fe/Th = 14,900 ± 2100) Muhs et al., 2007] , this source is also consistent with an average crustal Fe/Th ratio. The relative solubility of Fe and Th (S Fe /S Th in equation (5)) is likely close to 1 [Hayes et al., 2015c] . The observed dissolved Fe/Th ratio in the waters influenced by the Amazon outflow is then roughly 10 times lower than expected for either a Saharan dust or Amazon River source. Thus, starting from either source, dissolved Fe is highly removed from the waters influenced by the Amazon outflow near Barbados. Of course, if Th had a greater fractional solubility than Fe (S Fe /S Th < 1), the magnitude of apparent Fe removal would be lessened.
Using the calculated dissolved 232 Th fluxes in the mixed layer at stations 1 and 2, the Rudnick and Gao [2014] Fe/Th ratio, and S Fe /S Th = 1, we estimate that the dissolved Fe supply to this water was 250-300 μmol/m 2 /yr. This flux is 5-10 times higher (and would be even higher if we used more deeply integrated dissolved 232 Th
fluxes) than what state-of-the-art models predict for the dissolved Fe flux from atmospheric deposition to this area (25-60 μmol/m 2 /yr) [Mahowald et al., 2009; Myriokefalitakis et al., 2015] . Therefore, despite the fact that the Amazon estuary is a major sink for riverine Fe, with an estimated 80% removal of the riverine source [Sholkovitz et al., 1978] , the Amazon outflow still provides a significant, perhaps dominant, supply of dissolved Fe to the adjacent ocean. There may even be an additional source of dissolved Fe here from the reduction of Fe(III) minerals in pore waters on the Amazon shelf [Aller et al., 1986] . Using the Th-based Fe supply flux and the assumed Fe concentrations of 1.1-1.2 nmol/kg at our study sites (stations 1 and 2), this Fe has a residence time of 15-16 days, indicating extremely rapid uptake. This may be driven by the high Fe demands of the significant diazotroph population in this region [Subramaniam et al., 2008; Ward et al., 2013] .
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Colloidal Th Content
There were two motivations for determining colloidal Th in a high dust deposition environment such as the northwest subtropical Atlantic. The first relates to the assumption that dissolved 232 Th and 230 Th will be scavenged at the same rate, despite their differing sources. Radioactive decay of dissolved 234 U presumably produces truly dissolved 230 Th, while the partial dissolution of mineral dust potentially releases colloidal particles [Hayes et al., 2013b] . Differences in chemical speciation of the two Th isotopes could lead to differences in their expected scavenging rates. The second motivation, somewhat related to the first, has to do with a previous hypothesis that increasing dissolved 232 Th flux with integration depth (as seen in Figure 4f ) could be the result of a predominance of colloidal 232 Th in the upper water column [Hayes et al., 2015b] . Colloidal 232 Th could be quickly scavenged from the mixed layer and partially regenerated at depth, resulting in increased apparent fluxes at depth. However, at station ALOHA, a relatively low dust deposition environment (~0.3 g/m 2 /yr [Hayes et al., 2013b] ), we found that a low (10-20%) proportion of dissolved Th was colloidal [Hayes et al., 2015c] . Thus, with results from the western subtropical Atlantic (station 6), we would be able to see if colloidal 232 Th might be more important in a higher dust deposition environment. Recall the dust deposition estimate to Florida of 1.5-2 g/m 2 /yr and measurements at Bermuda [Kadko et al., 2015] indicate 0.5-1.0 g/m 2 /yr, assuming a 3.9% Fe weight percent in African dust [Rudnick and Gao, 2014] .
At station 6, we found colloidal proportions of dissolved Th even smaller than at station ALOHA, although not insignificant. Colloidal 232 Th contributed 1.5 ± 2.0%, 6.4 ± 2.1%, and 5.4 ± 1.9% to dissolved 232 Th at 10 m, 140 m (DCM), and 500 m depth, respectively (Figure 6d ). These are smaller than the 10-20% proportions of colloidal 232 Th reported for the central North Pacific [Hayes et al., 2015c] , despite a factor of~2-6 greater dust deposition and a factor of 6 greater dissolved 232 Th concentrations in the Atlantic (Figure 6c) . Additionally, the North Atlantic Th data here were measured during the season most favorable to Saharan dust deposition [Prospero et al., 2014] , while the North Pacific Th data were not (data from September, while Asian dust transport tends to occur in spring [Prospero et al., 2003] ). This provides evidence that 232 Th released to seawater from dust is not predominantly in colloidal form, but is truly dissolved, or that any such colloids are smaller than 10 kDa (or about 3 nm in diameter). Colloidal 230 Th was also measured, pushing detection limits on the~1 L samples, and is likely small (<4%), but was statistically indistinguishable from zero. Thus, based on measurements in two ocean basins, we can support the assumption that dissolved 232 Th and 230 Th are scavenged at similar rates but also that scavenging of colloidal Th is not the best explanation for increasing dissolved Th fluxes in the upper water column.
The Depth Trends of 232 Th Fluxes
Having rejected the colloidal Th hypothesis, we are behooved to explain why dissolved 232 Th fluxes increase with integration depth in the upper water column. Given our observation of deep "mixed layers" in 230 Th xs concentrations to the depth of the DCM (section 3.3 and Figure 4c ), we suggest that this phenomenon relates to the process of organic matter export. The depth of the DCM often occurs, though not always, at roughly the base of the euphotic zone [Kirk, 1994; Navarro and Ruiz, 2013] or the depth at which photosynthetically active radiation diminishes to 1% of its surface ocean value. The euphotic zone concept is used as a shorthand to describe the depth limit of primary production in the ocean. Here we use the terms "euphotic zone" and "the depth zone between the ocean surface and the DCM" interchangeably for convenience with the understanding that in some cases the base of the euphotic zone will not exactly match the depth of the DCM.
We contend that there is a net downward export of Th out of the euphotic zone, along with the export of organic carbon, which acts on the euphotic zone as a whole. This is why 230 Th-based residence times are invariant with depth within the euphotic zone. This argues that the increase in dissolved 232 Th flux with depth, which occurs most strongly between the surface and the DCM (Figure 4f) , is an artifact related to nonsteady state scavenging processes within the euphotic zone. There are other possibilities, however, and we will discuss these subsequently. [1982] first described Th scavenging as a reversible process. In other words, the kinetics of adsorption and desorption were fast enough compared to the sinking of particles that a continuous exchange between dissolved Th and Th adsorbed to sinking particles could be assumed. The prime observation that supported this theory is that 230 Th concentrations (both dissolved and particulate) increased linearly Global Biogeochemical Cycles In the present study, with the greater detail available from observations in the upper 500 m, it appears that dissolved 230 Th xs concentrations do not increase with depth, but are invariant, in the euphotic zone.
Bacon and Anderson
Thus, we propose that the particles in the euphotic zone are sinking, or are being exported to depth, too fast to allow for reversible exchange between dissolved and adsorbed Th isotopes. Put another way, we hypothesize that there is a type of irreversible scavenging for both 230 Th and 232 Th that occurs in the euphotic zone that causes a downward export of Th out of euphotic zone.
Organic carbon dominates the particulate matter pool in the upper 150 m of the ocean [e.g., Bishop and Wood, 2008; Lam et al., 2015] , and particulate organic carbon export out of the euphotic zone is a complex combination of processes including particle aggregation, passive sinking, and active transport by zooplankton [e.g., Ducklow et al., 2001] . Thus, only partially integrating Th inventories within the euphotic zone would result in a partial flux that does not represent the steady state downward export of Th. For instance, when zooplankton vertically migrate they likely carry Th with them that, if not properly integrated, would bias an estimate of net Th export.
Based on this link between net Th export and organic carbon export, we suggest that integration of Th inventories, for estimating mineral dust fluxes based on Th export, should be done to at least euphotic zone depths (~50-200 m, depending on the location). There may also be regeneration of dissolved Th below the euphotic zone, as is observed for 234 Th [Maiti et al., 2010] , and in this case integration to subeuphotic zone depths (~250 m) may be appropriate. Higher depth-resolution sampling of dissolved and particulate 232 Th/ 230 Th in the upper 250-500 m of the water column will be required to test this hypothesis.
On the other hand, integrating Th below the mixed layer also presents some limitations if the goal is to estimate a local atmospheric deposition. For instance, thermocline waters are often influenced by lateral circulation, such as the subtropical underwater subducted from the edge of the subtropical gyre and transported to stations 1-3 off the Lesser Antilles (section 3.1). Subducted water masses would contain Th from a different location, possibly under a different dust deposition regime, and integrating this Th would cause some spatial "smearing" of apparent 232 Th fluxes (i.e., a positive bias if the subducted water mass originated from a higher dust deposition environment or vice versa). In these cases, we recommend careful consideration of the changes in dissolved 232 Th fluxes at the location of interest when applying these fluxes for aerosol dust estimates or other applications (such as the Amazon Fe delivery estimate in section 4.1).
Aerosol Th Solubility
Aerosol solubility is a key, but poorly constrained, parameter in the biogeochemical cycles of many trace elements [Baker et al., 2016] , and relatively little work has been done on Th solubility in particular. Of the stations where we have depth profile data, we focus on the more northerly stations (stations 6 and 8) in order to use dissolved 232 Th fluxes to discern aerosol Th solubility. We make this choice because, as with Fe, the Th at station 2 comes from a mixture of riverine, and atmospheric sources and riverine Th solubility may differ from aerosol Th solubility. Thus, Th solubility derived from stations 6 and 8 may not apply to the whole transect, but it likely is more representative for oceanic North Atlantic conditions.
We could convert our aerosol Th measurements into deposition rates, using the traditional technique of assuming an aerosol deposition rate, such as 1 cm/s [Duce et al., 1991] or 1.2 cm/s [Torres-Padron et al., 2002] . Then comparison of aerosol Th deposition with the local integrated dissolved Th flux would afford an in situ estimate of fractional Th solubility (S Th ). We did not encounter the Saharan dust plume, however, with the samples we collected over stations 6 and 8 on this cruise. Saharan dust deposition occurs in this area predominantly in late summer (July-September) [Jickells et al., 1994] . Additionally, because the dissolved Th fluxes in the water column represent an average over the residence time of dissolved Th (1.5-3 years for 150 m depth; Figure 4e ), ideally, an aerosol deposition-dissolved flux comparison would be done with an annual average aerosol deposition. We now limit this exercise to the BATS site (station 8) because appropriate aerosol deposition data are available from Bermuda, although of course, BATS may not be representative of the entire open-ocean Atlantic.
Global Biogeochemical Cycles 10.1002/2016GB005511 Kadko et al. [2015] report annual deposition of Fe at Bermuda of 840 μmol/m 2 /yr for the years 2011-2013 using the traditional assumed deposition rate method and 1680 μmol/m 2 /yr using a new method based on deriving deposition rate from the combination of aerosol and water column 7 Be. Assuming that this Fe is only from Saharan dust , the expected aerosol Th deposition would be 13 or 26 μg/m 2 /yr, depending on which estimate is used. From the dissolved 232 Th fluxes at BATS (station 8), this comparison implies that S Th equals 1.9-3.8% considering only the mixed layer, increasing to 14-28% using fluxes integrated to the DCM (100 m) and 31-63% if using the integrated flux in the upper 500 m. The ranges given here for each depth reflect the range between the two Bermudan deposition estimates. The increase in solubility with depth has to do entirely with the fact that the dissolved 232 Th fluxes increase with integration depth.
Previous S Th estimates range from 1 to 20% [Arraes-mescoff et al., 2001; Roy-Barman et al., 2002; Hsieh et al., 2011; Hayes et al., 2013b] . Because integrating Th inventories to as deep as 500 m increases the likelihood that the integration includes lateral Th input from subducted water masses, we conclude that these apparent solubilities (31-63%) are likely too high. With the independent conclusion that integrating to at least the depth of the DCM is necessary to account for the Th export effect on Th residence times, we find it likely that the true effective fractional Th solubility here is within the cited 14-28% range, consistent with or somewhat higher than previous estimates. This conclusion is highly contingent upon our explanation for the increase in dissolved 232 Th flux in the euphotic zone, and since other explanations are possible, we suggest treating this result with caution. While it is difficult to recreate the conditions that dust particles experience in the water column, we suggest for future work that subjecting aerosol samples to a range of leaching intensities, in terms of acidity and reduction potential, may help constrain the true potential solubility of mineral dust.
Atlantic-Pacific Contrast in Fe and Other Lithogenic Metals
While we acknowledge that both Fe and Th may have seasonal changes in distribution at both sites [Fitzsimmons et al., 2015b; Hayes et al., 2015c; Middag et al., 2015; Conway et al., 2016] , we find an insightful comparison between Fe and Th data from BATS and ALOHA. Here we compare the present data set (BATS and AE1410-6 in June 2014) with Fe data collected at BATS in November 2011 [Fitzsimmons et al., 2015b; Hatta et al., 2015] and with Fe and Th data collected at ALOHA in September 2014 [Fitzsimmons et al., 2015a; Hayes et al., 2015c] .
Interestingly, between station ALOHA and BATS, Fe does not have substantially different dissolved concentrations (Figure 6a ), despite a large contrast in dust deposition (and dissolved 232 Th concentrations). This was recognized soon after reliable oceanic Fe data became available [Johnson et al., 1997] . The similarity in concentration between these two locations may be somewhat coincidental, given the complex nature of Fe sources and sinks around the world [Boyd and Ellwood, 2010] . Nonetheless, there is still value in revisiting this potential coincidence in light of the greater amount of data now available.
In the upper 50 m, dissolved Fe is in fact about 5 times higher at BATS than at ALOHA (consistent with the factor of~6 difference in dissolved 232 Th). Below 100 m, however, the dissolved Fe profiles down to 1000 m have smaller differences (tens of percent), and thus, the upper water column inventory is quite similar. Given the clear Atlantic-Pacific contrast in dust proxies like dissolved 232 Th (this study) or Al [Orians and Bruland, 1985; Measures and Vink, 2000; Parker et al., 2016] , echoing the original interpretation of Johnson et al. [1997] , dust-associated Fe must be very quickly buffered by some combination of biological uptake, ligand complexation, scavenging, and regeneration in deeper waters.
We note that the station ALOHA dFe profile is influenced by hydrothermal input from the Loihi Seamount around 1000-1500 m [Boyle et al., 2005; Fitzsimmons et al., 2015b] . In the same oceanic environment but further from the Loihi source at 28°N, 155°W (Vertical Transport and Exchange Study (VERTEX)-IV), dFe is closer to 0.4 nmol/kg [Bruland et al., 1994] Th concentration contrast (factor of 5-6), indicating that there is indeed a strong buffering of the input of Fe from dust in the Atlantic.
Furthermore, at both BATS and ALOHA, colloidal Fe is 30-60% of the total dissolved throughout most of the upper water column (Figure 6b ). At the Rusty-1 station, colloidal Fe was more variable, between 10 and 60% of dissolved fraction, while other lithogenic trace metals, manganese and chromium, had near-zero colloidal contribution to the dissolved fraction (Figure 7 ). Low contributions of colloids to the dissolved phase have been observed for Mn and Cr in Louisiana Shelf waters (excluding low-salinity samples) [Joung and Shiller, 2016] . Other lithogenic metals (Ti and Al) were also found to have low (<3%) colloidal contributions to the dissolved phase in oceanic waters of the tropical Atlantic [Dammshäuser and Croot, 2012] .
If Fe is initially released from dust in the truly dissolved phase like Th, Mn, or Cr, it may be very quickly complexed by colloidal size ligands. We suggest that Fe solubility in seawater is strongly mediated by ligand availability, given its quick buffering into colloidal-size organic particles, whereas this does not appear to be the case for Th, as concluded previously [Hayes et al., 2015c] . The exact mechanism of this behavior, however, is still unclear. Perhaps progress could be made by studying the kinetic response of Th and Fe to dust addition mesocosm experiments. Additionally, the controlling factors of the size partitioning of Fe ligands are not well known either [e.g., Fishwick et al., 2014; Fitzsimmons et al., 2015c] . Further characterization of Fe ligands will also be necessary in order to test our hypothesis of strong colloidal ligand mediation of Fe concentrations in the global ocean.
Conclusion
The dissolved Th isotopes offer a wealth of information about the transfer of lithogenic material to the ocean. In this study, we investigated how fluxes of 232 Th based on 230 Th scavenging rates can be used to show the impact of the Amazon outflow and aerosol deposition on surface ocean trace metal distributions. Across the transect between Barbados and Bermuda, we found that U concentration and isotopic composition were well described by published U-salinity relationships and the global isotopic composition. The Amazon does appear to supply substantial dissolved 232 Th and Fe to the low-latitude Atlantic, even as far away as 1900 km from the river's mouth. This complicates the use of 232 Th as a dust proxy in river-influenced ocean regions. We found that only a small percentage of dissolved Th exists in the colloidal size range even under conditions of high dust deposition. This finding offers assurance that dissolved 232 Th and 230 Th undergo similar scavenging rates but also suggests that colloidal Th cycling is not the most likely reason for why dissolved 232 Th fluxes increase with integration depth. We recommend integration to at least the depth of the euphotic Global Biogeochemical Cycles 232 Th flux from BATS suggests a fractional solubility of 14-28%. Lastly, the similarity in Fe concentrations from the North Pacific to the North Atlantic, given a roughly 6 fold contrast in the dust tracer Th between these two regions, supports the idea that Fe is highly buffered in the ocean. Further work exploring the links between organic complexation and aerosol deposition fluxes may help explain the controlling factors of aerosol solubility for both Fe and Th.
